Thermal residual stress and deformation of porcelain/alloy restoration, which is a three-layered veneer plate model, were calculated by the theory of statically indeterminate beam and the finite element method. The factors that have the greatest effect on thermal residual stress in the veneer are coefficient of thermal expansion, modulus of elasticity and thickness of the layers. The relation between these factors and thermal residual stress after firing were studied. The effect of physical and mechanical properties of the intermediate oxide layers and the effect of firing two laminated porcelains on metal were examined from these calculating results.
INTRODUCTION
The practical dentist has been faced with the clinical problem of occasional failure of the porcelain/alloy system. It is, of course, not suggested that all porcelain/alloy failures are the result of inadequate materials or incompatible systems for fabrication. Coefficients of thermal expansion, thermal conductivity, design of porcelain/alloy system, and the nature and strength of the bond are all factors that influence the ability of the porcelain to resist fracture during clinical use of the restoration.1,2) Numerous researchers2-6) believe that retention is related to the formation of metal oxides. However, it is difficult to assess what type of oxides contribute to bond strength, and what kind of bonding agents are effective. Furthermore, no uniformly accepted method for determining bond strengths has evolved. A pull-through test, involving pushing or pulling a metal rod through a doughnut of porcelain vitrified to the rod, is universally made.7-9) However, this method does not indicate the actual bonding strength between these materials considering its stress distribution on loading. 10) Phillips11) introduced the concept of compatibility, that is, compressive stress set up during the cooling of the sintered porcelain veneer will also play a part in improving the bond strength. Ceramo-metallic systems are deliberately designed with a very small degree of thermal mismatch in order to leave the porcelain in a state of compression, because the compressive strength of porcelain is greater than its tensile strength.
Tesk et al.12) studied using three-layered porcelain veneered split rings to measure the compatibility of these materials. Information on the states of residual stress in porcelain/alloy systems was collected from the theoretical and experimental studies on the change in gap of its model. Figure 1 Schematic illustration of the analytical model.
was cooled to room temperature from the softening temperature of porcelain, internal stress is generated in each material because of different thermal shrinkages. 
Stresses at the surface and at the interface of each material are calculated by Equations (1) to (4) ƒÐ1s=-E1h1/(2ƒÏ)+P1/(h1b) this coefficient is equal to that of porcelain, compressive stress is preserved. As the intermediate layer has higher modulus of elasticity (Ei), the residual stress becomes higher. The materials used in porcelain/alloy systems must be chosen so as to form an intermediate layer with a low modulus of elasticity. Alloy has higher modulus of elasticity, thus, residual stress in the intermediate layer becomes high. For porcelain/alloy systems, the intermediate layer should have a lower modulus of elasticity than that of the alloy. B. Effect of opaque porcelain Porcelain used in porcelain/alloy systems is made from opaque porcelain and dentinenamel porcelain. Generally, each material has different coefficients of thermal expansion. When materials are carefully chosen, it is possible to have a low residual stress distribution in the veneer after firing. Furthermore, fracturing from surface cracks can be prevented.
Coefficient of thermal expansion
The relation between the residual stresses in the veneer after firing and the coefficient and N. KUWAYAMA of thermal expansion (ƒ¿0) of opaque porcelain is shown in Figure  7 for precious alloy systems, and in Figure  8 for Figure  9 and for nonprecious alloy systems in Figure  10 . 
